Aim: Mammalian DNA Ligases play pivotal role in processes such as DNA replication, recombination, and repair, which qualifies them as potent therapeutic targets to eradicate cancer cells. Recently, we have identified a small molecule inhibitor, SCR7 and its oxidized form SCR7-pyrazine (2-mercapto-6,7-diphenylpteridin-4-ol) (SCR7-P), which can inhibit nonhomologous end-joining (NHEJ) in a Ligase IV-dependent manner. In the present study, we describe a water-soluble version of ligase inhibitor, sodium salt of SCR7-P (Na-SCR7-P) and its anti-tumor effects. Materials and Methods: Water soluble version of SCR7-P was synthesised. To study the inhibitory effect of Na-SCR7-P on ligases, we did in vitro DNA end joining assays using double strand DNA substrates. For this, different concentrations of Na-SCR7-P was used along with purified ligases or cellfree extracts. Further, cytotoxicity induced by Na-SCR7-P was evaluated through trypan blue exclusion assay, JC-1 assay and cell cycle analysis. Anti-tumor activity of Na-SCR7-P was investigated in Swiss albino mice and its off-target effects were studied by conducting kidney and liver test and histological evaluation. Further, the anti-angiogenic effect of the compound was studied using in ovo chorioallantoic membrane assay. Results: Na-SCR7-P inhibited NHEJ in a Ligase IV-dependent manner. However, unlike SCR7 and SCR7-P, it blocked joining catalyzed by all three ligases in vitro, making it an ideal cancer therapeutic agent, as it may target multiple DNA transaction processes within the cancer cells. Na-SCR7-P decreased mitochondrial membrane potential (MMP) leading to cell death in cancer cells. Importantly, the administration of Na-SCR7-P led to a significant reduction in tumor growth from 12 th day of treatment, and its impact was significantly higher than previously described SCR7, which targets Ligase IV within cells. Antitumor activity of Na-SCR7-P in mice resulted in enhanced lifespan, with minimal side effects. In addition, the in ovo chorioallantoic membrane assay revealed potent antiangiogenic property of Na-SCR7-P. Conclusion: Our results suggest that Na-SCR7-P can target NHEJ and other DNA repair pathways by disrupting Ligase mediated joining and can potentially be used as a strategy for cancer treatment, owing to its water solubility. 
Introduction

D
NA double-strand breaks (DSBs), when misrepaired or left unrepaired can severely compromise genome integrity and could lead to consequences such as chromosomal translocations, deletions, oncogenesis or cell mortality. [1] [2] [3] [4] The DSBs can arise due to endogenous sources, which include errors in DNA physiological processes (e.g., replication across nicks, replication fork collapse or meiosis), inadvertent nuclease activities, and reactive oxygen species (ROS) and exogenous sources such as radiation. [4, 5] To maintain genome integrity, the cells depend on two major DSB repair pathways, homologous recombination (HR) and nonhomologous end-joining (NHEJ). [5] [6] [7] HR is error-free and operative only at S and G2/M phases, while NHEJ can result in small changes at joining junctions and is functional throughout the cell cycle. In addition to these, recently, an alternate highly error-prone NHEJ pathway, which is dependent on the use of microhomology was described, termed as microhomology-mediated end joining. [8] [9] [10] [11] [12] Thus, highly proficient, regulated and well-synchronized processes of DNA damage response and DNA repair pathways are essential for the maintenance of genomic integrity.
Highly efficient DNA repair pathways can provide growth advantage not only to normal cells but also to transformed cells, making them suitable targets for anti-cancer therapeutic strategies by developing small molecule inhibitors against the proteins involved in these pathways. [5] In that direction, a potent inhibitor of one of the crucial enzymes of NHEJ repair pathway, Ligase IV, known as SCR7, was identified. [13] SCR7 served as one of the best examples of anticancer therapeutic strategy targeting DSB repair, and exhibiting synergistic effects with radio and chemotherapeutic agents. [8, 13] Besides, a nanomaterial encapsulated version of SCR7 (E-SCR7) was described recently. [14, 15] E-SCR7 inhibited NHEJ and exhibited ~5-fold increase in cell death.
In addition to Ligase IV, there are other two ATP dependent DNA ligases known in mammals. [16, 17] All three DNA ligases (DNA Ligase I, III and IV) share a high degree of homology both at structural and functional levels. They possess a well-conserved catalytic domain and utilize comparable reaction mechanism to catalyze the formation of phosphodiester bond during the process of ligation. Since all the eukaryotic ATP-dependent mammalian DNA ligases descended from a common ancestor, they share a high degree of structural homology, but differ in sequence, particularly in the DNA binding domain (DBD), which is bound by small molecules, the joining activity of Ligases can be severely impaired. [18] Our recent study shows that parental SCR7 can undergo spontaneous cyclization leading to the generation of multiple forms with comparable chemical and biological activity. [19] One such isomer that arises from autocyclization followed by oxidation of parental SCR7 is SCR7-pyrazine (SCR7-P). [19] Our study shows that similar to cyclized form of SCR7, SCR7-P inhibits NHEJ in a Ligase IV-dependent manner leading to accumulation of DSBs inside cells, which induce cell death. [19] However, we observed that SCR7-P was less specific inside the cells as it caused cell death even in Ligase IV null cells.
Besides, its use as a biochemical inhibitor, various other studies showed that SCR7 can improve the efficacy of precise genome editing by several fold when used along with CRISPR-Cas system. [8, [20] [21] [22] [23] [24] [25] [26] [27] Although SCR7 and its cyclized forms are useful at multiple levels, one of the major limitations is their solubility in DMSO or other organic solvents.
Water-soluble version of a chemical can improve its bioavailability to the cells. Therefore, we were interested in making a sodium salt of SCR7. Since, SCR7-P was most stable, among different SCR7 isomers, we selected it for the study. We rationalize that addition of sodium moiety by a replacement reaction involving Mercapto functional group in the ring A of the parent chemical can transform the molecule favorably and may improve its solubility in water.
In the present study, we have designed, synthesized and biologically evaluated the activity of water-soluble version of Ligase IV inhibitor, sodium salt of SCR7-P (Na-SCR7-P). It inhibited joining catalyzed by cell-free extracts irrespective of the type of DSBs used, suggesting inhibition of NHEJ. Although Na-SCR7-P inhibited DSB joining mediated by Ligase IV/XRCC4, it also inhibited both Ligase I and Ligase III mediated joining. Further, Na-SCR7-P treatment resulted in altered MMP activating apoptosis, finally leading to cytotoxicity in cancer cells. Importantly, Na-SCR7-P administration resulted in tumor regression leading to improved life span, without major side effects. We also observed that Na-SCR7-P affected the angiogenesis in ovo. Thus, synthesis of the water-soluble anti-cancer compound, with a higher bioavailability, could facilitate further evaluation of its anticancer properties.
Materials and Methods
Chemicals and reagents
Chemicals used in the present study were of high analytical grade and purchased from Sigma-Aldrich, USA, Sisco Research Laboratories (Mumbai, India) and Amresco (Solon, OH, USA). Radioisotope-labeled nucleotides were purchased from BRIT (Hyderabad, India). DNA-modifying enzymes were from New England Biolabs (Beverly, MA, USA). Fertilized chicken embryos were from Indian Veterinary were determined by open capillary method and were uncorrected. 5,6-diamino-4-hydroxy-2-mercapto-pyrimidine was obtained from Aldrich, USA. Benzaldehyde AR grade and glacial acetic acid AR grade were from SRL, India. 1 H NMR spectra of the newly synthesized compounds, in DMSO-d 6 solutions, were recorded on a Bruker (400 MHz) NMR [ Figure 1 ]. Chemical shifts are reported as δ (ppm) relative to TMS as internal standard; coupling constants (J) are expressed in Hz. Mass spectra were recorded in triple quadrupole LCMS-6410 from Agilent technologies [ Figure 1 ].
Research Institute, (Bangalore, India) and filter-paper discs (Whatman 1) were purchased from GE health care (USA).
Synthesis
of sodium salt of 2-mercapto-6, 7-diphenylpteridin-4-ol Na-SCR7-P was synthesized in a sequential manner using different reagents, taking several chemical parameters under consideration such as melting points, IR spectra, NMR spectra, mass spectra to determine the stability and purity of the compound. Melting points (MP°C) Synthesis of 2-mercapto-6,7-diphenylpteridin-4-ol [3] A suspension of 4,5-diamino-6 -hydroxy-2-mercaptopyrimidine [1] , (0.05 mol) and benzaldehyde [2] (0.15 mol) in dimethylformamide (30 ml) and acetic acid (10 ml) were refluxed for 8 h. After cooling, contents of the reactions were added to ice cold water, and separated solid was filtered, washed with water and obtained the desired product by column chromatography using ethyl acetate-hexane 6 [4] 0.015 mol of sodium hydroxide was dissolved in 20 ml of ethyl alcohol. To this solution, 0.01 mol of 2-mercapto-6,7-diphenylpteridin-4-ol [3] was added, and the reaction mixture was stirred overnight at room temperature. Ethyl alcohol was removed under vacuum, and the solid was dissolved in water, followed by filtering of the undissolved mass and reducing the filtrate under vacuum to get an orange colored product with 90% yield. 1 
Oligomers and 5' end labeling
Oligomers used in the study were purchased from Sigma-Aldrich, India. Oligomers used were follows: CGAGGGCCCGATATCTAGAGG  3´;  MS68,  5´ ATCCGTTGAAGCCTGCTT 3´; MS69, 5´  TGACATACTAACTTGAGCGAAACGG 3´; MS70,  5´ CCGTTTCGCTCAAGTTAGTATGTCAAAGCAG GCTTCAACGGAT 3´. Oligomers were purified as described earlier. [28] Briefly, oligomers were resuspended in TE buffer, gel purified on denaturing polyacrylamide gel electrophoresis (PAGE; 12%-15%). The 5′ end-labeling of the gel purified oligomeric DNA with (γ −32 P) ATP was performed using T4 Polynucleotide Kinase. [28, 29] To prepare the nicked DNA substrate, radiolabelled MS68 was annealed to cold (5' phosphorylated) MS69 and MS70 in the presence of 100 mM NaCl and 1 mM ethylenediaminetetraacetic acid (EDTA). Similarly, for studying NHEJ, different DSB possessing substrates were generated. To prepare the 5'-5' compatible DSB DNA substrate, radiolabelled SCR19 was annealed to cold (5' phosphorylated) SCR20. Radiolabeled SCR19 was also annealed to VK11 or VK13 to make 5'-5' and 5'-3' noncompatible ends, respectively.
Plasmids and bacterial strains
Ligase I, Ligase IIIα/XRCC1 and Ligase IV/XRCC4 were overexpressed in Escherichia coli and purified. Plasmid coexpressing Ligase IV and XRCC4 was a kind gift from Dr. Mauro Modesti (France). Plasmid DNA harboring DNA Ligase I (pET24a-Ligase I) was a kind gift from Dr. A. Tomkinson (USA). DNA Ligase IIIα/XRCC1 coexpression vector (pSS6) was generated by cloning Ligase IIIα, released from pcDNA3.1-Lig3α with SalI-NotI into pSS5. [13] Rosetta (DE3) pLysS and BL21 (DE3) pLysS cells were purchased from Novagen (USA).
Cell lines and culture MCF7 and T47D (human breast cancer), HeLa (human cervical cancer), Molt4 (T-cell leukemia) and HEK293T (human kidney epithelial cells) cells were purchased from National Center for Cell Science, Pune, India. REH and Nalm6 cells (B-cell leukemia), and CEM (T-cell leukemia) were from M. Lieber, USA and were cultured in RPMI1640 (Sera Lab, UK). MCF7 and T47D were cultured in MEM with L-glutamine, Molt4 in RPMI1640, while HeLa cells were grown in DMEM with L-glutamine. The cell culture media was supplemented with 10% Fetal bovine serum (Gibco BRL, USA), 100 µg/ml penicillin and 100 µg/ml streptomycin (SigmaAldrich, USA). The cells were grown at 37°C in a humidified atmosphere containing 5% CO 2 . were purchased from central animal facility, Indian Institute of Science, India and were maintained as per the guidelines of the Animal Ethical Committee in accordance with Indian National Law on animal care and use. The animals were housed in polypropylene cages and provided standard pellet diet (Agro Corporation Pvt. Ltd., Bengaluru, India) and water ad libitum. The standard pellet diet is composed of 21% protein, 5% lipids, 4% crude fiber, 8% ash, 1% calcium, 0.6% phosphorus, 3.4% glucose, 2% vitamin, and 55% nitrogen-free extract (carbohydrates). The animals were maintained under controlled conditions of temperature and humidity with a 12 h light/dark cycle.
In vivo experiments
Preparation of Ehrlich ascites carcinoma or Dalton's lymphoma cells
Ehrlich ascites carcinoma (EAC) or Dalton's lymphoma (DLA) cells were collected from the peritoneal cavity of ascites-bearing donor mice of 20-22 g body weight and suspended in sterile phosphate buffered saline (PBS). A fixed number of viable cells (10 × 10 6 cells/22 g body weight) were implanted into the peritoneal cavity of each recipient mouse and allowed to multiply. The tumor cells were withdrawn, diluted in saline, counted and reinjected (1 × 10 6 cells/animal) to right thigh tissue of experimental animals for developing solid tumor over a period of 10-12 days.
Evaluation of antitumor activity of sodium salt of SCR7-pyrazine in mice
To study the antitumor activity of Na-SCR7-P, 30 Swiss albino mice were used, (5 animals each in three groups including no tumor control; 2 batches). Among 30 mice, 20 were injected with EAC cells (1 × 10 6 ) to induce solid tumor in thigh region and was allowed to grow up to 10-12 days, following which 10 tumor-bearing mice received 1X PBS as vehicle control, while the other 10 received intraperitoneal administration of Na-SCR7-P (10 mg/kg, body weight) on every alternative day starting from 12 th day of injection of tumor cells. Similarly, 24 Swiss albino mice were used (4 animals each 3 groups; in 2 batches) for assessing the anti-tumor property of Na-SCR7-P in DLA tumor mouse models. Among that, 16 were injected with DLA cells (1 × 10 6 ) to induce solid tumor in thigh region and was allowed to grow for the same period, following which 8 tumor-bearing mice received 1X PBS as vehicle control, while the other 8 received intraperitoneal administration of Na-SCR7-P (10 mg/kg, b. wt; 6 doses every alternate day from 12 th day posttumor cell injection). Eight mice served as untreated normal control. The diameters of developing tumor were measured in the case of group two and three animals by using vernier calipers once in 2 days. Tumor volume was calculated using the formula
, where "a" and "b" indicate the major and minor diameter, respectively. [30] [31] [32] [33] At the end of 25 th day of the experimental period, one animal from each group per batch was sacrificed by cervical dislocation and organs from normal (Group 1), tumor (Group 2), and Na-SCR7-P treated (Group 3) animals were collected and stored. To check the longevity, the percentage of increase in lifespan was calculated and compared with that of control animals. The death pattern for controls and Na-SCR7-P treated animals was recorded and percentage increase in lifespan was calculated using the formula ([T2C]/C) × 100, where "T" indicates the number of days the Na-SCR7-P treated animals survived and "C" indicates the number of days tumor animals survived. [13, 30, 31] 
Evaluation of off-target effects of sodium salt of SCR7-pyrazin in normal mice
Swiss albino mice (2 groups, 5 each) were treated with Na-SCR7-P (6 doses, on every alternate day) and side effects were evaluated post 25 th day of treatment. Of 10 mice, 5 animals served as control and injected with 1X PBS, while 5 were treated with Na-SCR7-P (10 mg/kg body weight 6 doses, every alternate day). Body weight of each animal was monitored throughout the experiment, and average weight was calculated at 25 th day for control and Na-SCR7-P administered mice and were plotted with error bars. To evaluate the effect of Na-SCR7-P on physiological functions, blood was collected on the 25 th day as described earlier. [13, 32] Blood was drawn from heart and the serum and plasma were separated in the presence of heparin (10 µl) to conduct liver and kidney function tests for each animal, to determine the levels of alkaline phosphatase (ALP), creatinine and urea present in serum of treated and control animals, while red blood cell (RBC), and white blood cell (WBC) counting was carried out using plasma of treated and control animals as described earlier. [13, 32] Values are presented as mean ± standard error of mean (SEM).
Histological evaluation
Tumor, liver, and spleen tissues of normal, untreated EAC tumor-bearing and Na-SCR7-P treated experimental mice were collected and processed as per standard protocols. [30, 31, 33] Briefly, the tissues were embedded in paraffin wax, sectioned at 5-10 µm in a rotary microtome (Leica Biosystems, Germany) and stained with hematoxylin and eosin. [13, 32] Each section was evaluated by light microscopy (×20), and images were captured (Zeiss, Germany).
Chorioallantoic membrane assay
Chorioallantoic membrane (CAM) assay was performed as described earlier with modifications. [34, 35] The fertilized eggs were first incubated at 37°C, for them to grow up to 4-day stage. Then, a small window was created in the shell of the eggs and further incubated at 37°C (Rh of >80%). After 9-10 days of development, with a well-established network of blood vessels on the CAM, the filter disks soaked with different concentrations of Na-SCR7-P (10, 50, 100, and 250 µM) were placed gently with the help of sterile forceps inside each egg, precisely on the membrane. The filter paper disk soaked in 70% ethanol served as the vehicle control (70% ethanol was preferred over water/1X PBS as vehicle control as it accelerates the evaporation of spotted compound on the filter paper discs). After 48 h of incubation at 37°C, the discs were removed, and the effect of Na-SCR7-P on the development of new blood vessels (sparing the main vasculature) was captured using Zeiss microscope and then was analyzed both qualitatively and quantitatively.
Preparation of cell-free extract
The cell-free extracts were prepared as described earlier. [36] [37] [38] Testes were collected from [8] [9] [10] rats (R. norvegicus) strain Wistar (4-6 weeks old). Approximately, 8 × 10 7 cells were resuspended in hypotonic buffer (Buffer A: 10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 5 mM DTT, and 0.5 mM PMSF) and homogenized in the presence of protease inhibitors (1 µg/ml each of leupeptin, aprotinin, and pepstatin). Buffer B (50 mM Tris-HCl [pH 8.0], 10 mM MgCl 2 , 2 mM DTT, 0.5 mM PMSF, 25% sucrose, and 50% glycerol) was added and incubated on ice for 30 min, followed by addition of neutralized, saturated ammonium sulfate solution and incubating for 30 min at 4°C. The lysate was then ultracentrifuged at 95,000 g, at 4°C for 3 h in a Beckman TLA-100 Rotor (Beckman, Palo Alto, USA). Following ammonium sulfate precipitation (65%), pellet was collected, dissolved in dialysis buffer (Buffer C: 25 mM HEPES-KOH [pH 7.9], 100 mM KCl, 0.1 M KOAc, 12 mM MgCl 2 , 1 mM EDTA, 2 mM DTT and 17% glycerol) and then dialyzed against dialysis buffer (20 mM Tris-HCl (pH 8.0), 0.1 M KOAc, 20% glycerol, 0.5 mM EDTA, and 1 mM DTT), snap frozen and stored at −80°C. The protein concentration was determined by Bradford's method. Protein amount was normalized further by loading on SDS polyacrylamide gel, followed by staining with Coomassie Brilliant Blue.
Over expression and purification of mammalian DNA ligases
For expression of proteins, bacterial cells were transformed with appropriate expression vectors, induced by addition of 0.5-1 mM IPTG (16 h at 16°C). Proteins were purified as described earlier. [13, 39] Briefly, cells were harvested, lysates were prepared with the extraction buffer (20 mM Tris-HCl [pH 8.0], 0.5 M KCl, 20 mM imidazole [pH 7.0], 20 mM β-mercaptoethanol, 10% glycerol, 0.2% Tween 20, 1 mM PMSF) and loaded on Ni-NTA column as per manufacturer's instructions (Novagen). Fractions were collected, purest fractions were pooled and reloaded on to UNO sphere Q anion or S cation exchange column (BioRad), following which the protein was eluted by gradient of KCl. Appropriate fractions were pooled, dialyzed (Dialysis buffer: 20 mM Tris-HCl [pH 8.0], 150 mM KCl, 2 mM DTT, and 10% glycerol) and stored at −80°C. Purity and identity of the proteins were confirmed by SDS-PAGE (CBB and silver stain) and western blotting with appropriate antibodies.
Ligase I purification was done as described earlier. [39, 40] Briefly, for efficient expression of DNA Ligase I, BL21 E. coli (DE3) pLysS bacterial cells were transformed with pET24a-Ligase I and then induced by addition of 0.5 mM IPTG (18 h at 16°C) in the presence of Chloramphenicol (33 µg/µl) and Kanamycin (30 µg/µl). After induction, the cells were harvested, extracts were prepared with the extraction buffer (20 mM Tris-HCl [pH 8.0], 0.5 M KCl, 20 mM imidazole [pH 7 .0], 20 mM β-mercaptoethanol, 10% glycerol, 0.2% Tween 20 and 1 mM PMSF) and loaded onto phosphocellulose column as per manufacturer's instructions (BioRad, USA). Multiple fractions were eluted and collected using a gradient of NaCl. The purest fractions from the first column were pooled together and reloaded on to UNO sphere Q anion exchange column (BioRad), following which the protein was eluted by gradient of KCl. Appropriate fractions containing Ligase I were then pooled again, dialyzed (Dialysis buffer: 20 mM Tris-HCl [pH 8.0], 150 mM KCl, 2 mM DTT, and 10% glycerol) and stored at −80°C. Purity and identity of Ligase I was confirmed by SDS-PAGE and/or by immunoblotting with appropriate antibodies.
The purification of DNA Ligase IV/XRCC4 and XRCC1/ Ligase IIIα was carried out as described earlier. [13] The purity of the proteins was confirmed with SDS-PAGE followed by silver staining or CBB staining, and identity was confirmed by immunoblotting.
In vitro DNA end joining assay using ds DNA substrates In vitro joining assay was performed as described, with modifications. [36, 38, 41] Different concentrations Na-SCR7-P (0, 50, 100, 200, 500, 1000 µM) were first incubated with equimolar concentrations of DNA Ligase IV/XRCC4 (2 nmol) or cell-free extracts (1 µg) in a buffer containing 25 mM Tris-HCl (pH 7.5), 75 mM NaCl, 10 mM MgCl 2 , 42.5 mM KCl, 0.025% Triton X-100, 100 µg/ml BSA, 1 mM ATP 10% PEG and 5% glycerol in a reaction volume of 10 µl and incubated at 25°C for 30 min. Then radiolabeled ds DNA substrates with varying ends (5' compatible or 5'-5' or 5'-3' noncompatible) (6 nM) were added to the mix and incubated at 25°C for another 1 h. In case of reactions were noncompatible end substrates were used, the buffer was supplemented with dNTPs. In control reaction, IX PBS equivalent to the highest concentration of inhibitor used was incubated along with the DNA and protein.
Reactions were terminated by addition of 4 mM EDTA. Reaction products were deproteinized, precipitated and resolved on an 8% denaturing urea PAGE. The gel was dried and exposed, and the signal was detected using a PhosphorImager (FLA9000, Fuji, Japan) and analyzed with Multi Gauge Version 3.0 software (Bioz, Inc., California, USA). For quantification of joined products, the area corresponding to the band of interest was selected in each lane, and the same sized rectangle was selected in an area with no band from each lane of the gel for subtracting background. Intensity measured from each lane was indicated as photostimulated luminescence units and plotted.
Radiolabeled nicked duplex DNA substrate (6 nM) was incubated with purified Ligase III/XRCC1 (2 nmol) or DNA Ligase I (4 nmol), in presence of increasing concentrations of inhibitors (0, 50, 100, 200, 500 and 1000 µM) in a buffer containing 25 mM Tris-HCl [pH 7.5], 75 mM NaCl, 10 mM MgCl 2 , 42.5 mM KCl, 0.025% Triton X-100, 100 µg/ml BSA, 1 mM ATP, 10% PEG and 5% glycerol (25°C for 30 min). Nicked DNA substrate was then added to the reaction mixture and incubated further at 25°C for 1 h. Reactions were terminated, joined products were purified and resolved on an 8% denaturing PAGE. The radioactive signal was detected using a PhosphorImager (FLA9000, Fuji, Japan) as described above. Quantification of joined products was also performed as described above.
Effects of sodium salt of SCR7-pyrazine on double-strand break joining by purified T4 DNA ligase 5' compatible duplex DNA substrates were generated by annealing radioactively labeled SCR19 with unlabelled SCR20. Keeping the protein concentration constant (5 U), increasing amount of inhibitors were added (0, 50, 100, 200, 500 and 1000 µM) in a reaction buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 1 mM ATP and 10 mM DTT, incubated at 25°C for 30 min. DSB containing radiolabeled DNA was then added (6 nM) and incubated further for 25°C for 1 h. Reactions were terminated, joined products were purified, resolved on an 8% denaturing PAGE and quantified as described above.
Trypan blue dye exclusion assay Na-SCR7-P was analyzed for its inhibitory effects on various cancer cells (REH, Nalm6, T47D, MCF7, and HeLa) proliferation by performing trypan blue dye exclusion assays. [33, 42, 43] Briefly mammalian cells (0.5 × 10 5 cells/ml) were cultured for 24 h, followed by addition of compounds (0, 10, 50, 100 and 250 µM for 48 h). Cells were harvested and subjected to trypan blue (0.4%) cell viability assay. 1X PBS treated cells were used as vehicle control. Each experiment was repeated a minimum of three independent times. IC 50 values were calculated post 48 h of treatment in normal and cancer cells using Graph Pad Prism version 5 (Graph Pad, California, San Diago, USA).
Cell cycle analyses by flow cytometry
Cell cycle analysis was performed as described previously. [44, 45] Briefly, MCF7 cells were cultured (50,000 cells/ml) for 24 h and then treated with increasing concentrations of Na-SCR7-P (0, 10, 50, 100 and 250 µM). After 48 h of treatment, cells were harvested, washed and permeabilized using chilled 80% ethanol at −80°C overnight. The fixed cells were centrifuged at 3,000 rpm, washed and resuspended in ice cold 1X PBS. RNase A (50 µg/ml) was added and incubated at 37°C overnight. Following day, propidium iodide (PI, 50 µg/ml) was added and analyzed using flow cytometer (BD Biosciences, FACS Verse, USA). A minimum of 10,000 cells were acquired in each case and analyzed using WinMDI 2.9 (The Scripps Institute, Flow Cytometry Core Facility, La Jolla, USA) and Flowing Software 2.5 (Turku Centre for Biotechnology, Turku, Finland).
Detection of intracellular reactive oxygen species production by flow cytometry
The level of total intracellular ROS production was measured by using cell-permeable fluorescent probe 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) in MCF7 cells. Cells were treated with 100 µM of Na-SCR7-P for 5, 10, 30 and 60 min, harvested, washed and the fluorescence intensity was analyzed by flow cytometry. Cells treated with H 2 O 2 were used as positive control for compensation of experimental samples.
Determination
of mitochondrial membrane potential MCF7 cells stained with JC-1 dye were used for determining the changes in MMP. [31, 46] Briefly, cells were treated with Na-SCR7-P (10, 50, 100 and 250 µM), harvested (48 h) and incubated with JC-1 dye (5,5′,6,6 tetrachloro-1,1′,3,3′-tetraethylbenzimidazol-carbocy anine iodide). The stained cells were then analyzed on a flow cytometer using Cell Quest Pro software (BD Bioscience, San Jose, California, USA) with an excitation at 488 nm and emission at 530 nm. JC-1 monomers emit at 530 nm (red), and J-aggregates emit at 590 nm (green). The ratio of cells emitting red to green fluorescence was evaluated for each dose and plotted. 2, 4-Dinitrophenol-treated cells served as positive control.
Statistical analysis
Values are expressed as mean ± SEM for control and experimental samples, and statistical analyses were performed by one-way ANOVA followed by paired Student's t-test with GraphPad software prism 6 (Graph Pad, California, San Diago, USA). [9] Animal survival analysis was done using Kaplan-Meier estimate.
Results
Synthesis and characterization of sodium salt of SCR7-pyrazine
Recently, we showed that parental SCR7 and its stable autocyclized form (referred to as SCR7, henceforth) are structural isomers and they possess identical chemical formula (C 18 H 14 N 4 OS), molecular weight, exact mass, and same number of protons. [19] We observed that like parental SCR7, cyclized form possessed a melting point of 221°C-225°C, while it was 194°C-196°C for SCR7-P, the oxidized form of SCR7. Unlike cyclized form of SCR7, the SCR7-P possessed a distinct structure with an exact mass of 333.0798, molecular weight (332.0732) and chemical formula (C 18 H 12 N 4 OS). [19] Synthesis of water-soluble version of chemical inhibitors is important as the strategy can make the drug delivery easier and efficient with minimal toxicity. In the present study, a water-soluble version of SCR7-P was synthesized by preparing its sodium salt. To do this, first SCR7-P was synthesized as described earlier and characterized. [19] The sodium salt of SCR7-P (Na-SCR7-P, 2-mercapto-6,7-diphenylpteridin-4-ol) was prepared by adding sodium hydroxide solution to 2-mercapto-6, 7-diphenylpteridin-4-ol with a 90% yield [ Figure 1a ]. Na-SCR7-P has a molecular weight of 354.06 and exhibited a melting point of 192°C-194°C. 1 H NMR spectrum and mass spectrum of the newly synthesized compound confirmed the structure [ Figure 1b and c].
Sodium salt of SCR7-pyrazine inhibits DNA end joining of diverse double-strand breaks catalyzed by cell-free extracts
We examined the efficacy of Na-SCR7-P to inhibit DSB joining catalyzed by rat testicular cell-free extracts. A previously described NHEJ assay was used to evaluate DNA end-to-end joining to assess the effect of inhibitor on NHEJ [ Figure 2a ]. [13, 37, 38, 47] In order to examine the effect of Na-SCR7-P on ligation of DSB with easily ligatable 5'-5' compatible overhangs, (γ-32 P) ATP labeled DNA substrates were incubated with cell-free extracts (1 µg; 1 h at 25°C), which were pre-incubated with increasing concentrations of inhibitors (0, 50, 100, 200, 500 and 1000 µM; 30 min at 25°C). A concentration-dependent inhibition of end joining was observed in the presence of Na-SCR7-P from 100 µM onwards, suggesting abrogation of DSB joining in the presence of the inhibitor [ Figure 2b and c]. DNA end processing is obligatory during the joining of 5'-5' or 5'-3' noncompatible ends, which requires complex NHEJ machinery as shown earlier. [37, 38, 47] Interestingly, we observed that Na-SCR7-P inhibited NHEJ reaction efficiently in a concentration-dependent manner [ Figure 2d and e]. In fact, the observed effect was more pronounced when compared with SCR7 or SCR7-P. [13, 19] Hence, our results suggest that Na-SCR7-P inhibited end joining of broken DNA, irrespective of the configuration of DSBs.
Sodium salt of SCR7-pyrazine inhibits joining catalyzed by Ligase IV/XRCC4, Ligase III/XRCC1 and Ligase I
The enzyme Ligase IV/XRCC4 complex can efficiently join 5'-5' compatible DNA ends, [13, 48] whereas joining of noncompatible termini requires processing by additional factors involved in NHEJ repair pathway. [37, 38, 47] To further examine whether Na-SCR7-P interfered with Ligase IV activity, we used purified Ligase IV/XRCC4 (2 nmol) for in vitro joining assay. Results showed that incubation with increasing concentrations of Na-SCR7-P resulted in the inhibition of product formation from 200 µM onwards [ Figure 3a ]. The effect of Na-SCR7-P on joining of DNA breaks catalyzed by T4 DNA ligase, and other two mammalian ligases (Ligase I and III) were also examined. While there was no reduction in the joining efficiency in case of T4 DNA Ligase, specific inhibition of nicked DNA joining was observed in the cases of purified Ligase III/XRCC1 (2 nM) and Ligase I (2 nM) when used in equimolar concentrations [ Figure 3b -d]. Therefore, unlike SCR7, Na-SCR7-P inhibited joining catalyzed by all three ligases.
Sodium salt of SCR7-pyrazine induces cytotoxicity in various cancer cells
To evaluate whether Na-SCR7-P treatment leads to cytotoxicity in different cancer cell lines, ex vivo studies were performed on various mammalian cell lines such as REH, Nalm6, T47D, HeLa, MCF7 (0, 10, 50, 100, and 250 µM, for 48 h) and Molt4, HEK293T, CEM (0, 0.1, 1, 10, 50 and 100 µM, for 48 h). On incubation with Na-SCR7-P, significant cytotoxicity was observed in case of Molt4, REH, HeLa, T47D and CEM cells [ Figure 4a ]. However, Nalm6, MCF7, and HEK293T cells exhibited limited sensitivity towards Na-SCR7-P treatment [ Figure 4b ]. Among the cell lines studied, Molt4, REH, HeLa and T47D showed lower IC50 values [ Figure 4b ]. Taken together, the cell viability was compromised to varying extents in different cancer cell lines.
Sodium salt of SCR7-pyrazine induces cell death without causing cell cycle arrest
To determine the effect of Na-SCR7-P on cell cycle progression in cancer cells, MCF7 cells were treated with increasing concentration of the inhibitor. Since MCF7 cells (breast adenocarcinoma) share the same origin as the cancer cells used in our in vivo studies (see below), it was used for subsequent experiments to assess its sensitivity toward Na-SCR7-P. Post 48 h treatment, the cells were harvested and subjected to flow cytometry analysis, following staining with propidium iodide. Results showed that although Na-SCR7-P caused accumulation of cells in the subG1 phase of cell cycle to a considerable extent, there was no significant cell cycle arrest [ Figure 4c and d]. Hence our results suggest that Na-SCR7-P induced apoptosis in cells without inducing cell cycle arrest. Figure 5a ]. However, treatment with Na-SCR7-P resulted in decreased MMP (Δψm) as detected by JC-1 staining followed by FACS analysis [ Figure 5b ]. Reduction in MMP is an indicator that usually precedes apoptosis. The change in MMP (Δψm) was calculated by analyzing the ratio of red to green fluorescence emitting cells following treatment with Na-SCR7-P. While control cells exhibited red fluorescence indicating an unaltered MMP, a concentration-dependent increase in the green fluorescence was observed indicating loss of intact MMP following Na-SCR7-P treatment [ Figure 5b ].
Administration of sodium salt of SCR7-pyrazine leads to inhibition of tumor progression and enhancement in survival rate in mouse models
The solid tumor was induced in the thigh region of Swiss albino mice by injecting EAC (Ehrlich ascites breast adenocarcinoma) and DLA cells for evaluating the anticancer potential of Na-SCR7-P. On day 12 post tumor injection, the mice were treated with six doses of Na-SCR7-P (10 mg/kg b. wt. on every alternate day). Significant reduction in tumor progression was observed on treatment with Na-SCR7-P as compared to the untreated tumor control in the case of EAC tumor model [ Figure 6a ]. The effect was prominent from the 12 th day of treatment [ Figure 6a ]. The reduction in tumor volume was more efficient when treated with Na-SCR7-P as compared to that of SCR7, reported previously. [13] Interestingly, increased survival rate was also observed in Na-SCR7-P treated EAC tumor-bearing mice as compared to the untreated control [ Figure 6b ]. The administration of Na-SCR7-P, in mice bearing DLA also resulted in inhibition of tumor cell growth, although the effect was much less compared to EAC Figure 6c ]. Hence, our results suggest that EAC tumor-bearing mice were more sensitive to tumor growth inhibition by Na-SCR7-P as compared to DLA bearing mice. 5 cells/ml) in the presence of sodium salt of SCR7-pyrazine (0, 10, 50, 100 and 250 µM), harvested after 48 h and used for analysis. 1X phosphate buffered saline treated cells were used as vehicle control. Data presented are based on three or more independent experiments, and error bars represent standard error of mean. In all panels, P value represents * P < 0.05; **P < 0.01; ***P < 0.001. Analysis of the gross appearance of thigh/tumor, liver and spleen tissues from Na-SCR7-P treated EAC tumor mice revealed a significant reduction in tumor size, resembling tissues from the normal mice, as compared to the tissues from untreated tumor control mice when analyzed on the 25 th day after treatment [ Figure 7a ]. Histological sections of the thigh/tumor and liver tissues stained with Hematoxylin and Eosin showed infiltration of tumor cells in sections from EAC bearing mice. In contrast, restoration of normal muscle and liver cells was observed on treatment with Na-SCR7-P [ Figure 7b ]. Thus, our results suggest that Na-SCR7-P has the potential to cause regression of tumor, thereby increasing life span of treated mice.
Treatment with sodium salt of SCR7-pyrazine does not lead to significant side effects To assess the side effects caused by Na-SCR7-P, normal mice were treated with Na-SCR7-P intraperitoneally for 25 days (10 mg/kg b. wt., six doses, every alternate day). 1X PBS was injected into the control group of mice. Results showed no significant difference in body weight on treatment with Na-SCR7-P [ Figure 7c ]. On the 25 th day, the mice were sacrificed, serum and plasma were collected, and subjected to liver and kidney function tests. The data indicated that on treatment, there was no significant change in the levels of ALP, creatinine, RBC, and WBC counts as compared to untreated control mice [ Figure 7c ]. However, there was a moderate increase in the level of urea, which needs th day. A total of 15 animals comprising untreated tumor-bearing animals (n = 5), sodium salt of SCR7-pyrazine treated tumor animals (n = 5), and no tumor animals (n = 5) were used for the current study. Results presented are from two independent batches. Error bars indicate standard error of mean based on independent experiments. P value represents * P < 0.05; **P < 0.01; ***P < 0.001. Sodium salt of SCR7-pyrazine was administered intraperitoneally (10 mg/kg, six doses every alternate day) to normal (n = 5) and sodium salt of SCR7-pyrazine treated animals (n = 5) and body weight was monitored on the 25 th day of treatment. Besides, blood was drawn; plasma and serum were separated, from treated animals along with controls. The serum was analyzed for alkaline phosphatase, creatinine and urea levels. Plasma was also used for counting red blood cells and white blood cells to analyze the side effects. All the values of serum tests and blood counts are given with mean ± standard error of mean (n = 5) and average body weight of each group was plotted with standard error bars. Error bars indicate standard error of mean based on independent experiments. P value represents * P < 0.05; NS: Non-significant c b a to be investigated. Thus, Na-SCR7-P causes minimal off-target effects in normal healthy mice.
Antiangiogenic potential of sodium salt of SCR7-pyrazine Enhanced angiogenesis is required for the rapid growth of tumor cells. Antiangiogenic therapeutic strategies have been developed and proven to be effective for the treatment of cancer, with minimal effects on normal cells. In this respect, it was observed that formation of new blood vessels was severely affected, sparing the main blood capillaries developed on the CAM of fertilized chick embryos, when treated with increasing concentrations of Na-SCR7-P (0, 10, 50, 100, and 250 µM) [ Figure 8 ]. In addition, at concentrations of 100 and 250 µM, CAMs in treated eggs also showed bending of main blood vessels in the region of disc placed, indicating the antiangiogenic potential of Na-SCR7-P. However, the mechanism of antiangiogenic properties of SCR7-P needs to be investigated.
Discussion
Ligase inhibitors in cancer therapy
Recently, small molecule inhibitors were identified that can act against DBD of Ligases which can serve as potential biochemical inhibitors of the various DNA repair process. For example, small molecule inhibitors such as L67 and L189 compete with DNA, for binding to the DBD, whereas L82 inhibits ligation by stabilizing a reaction intermediate. [49] Among them, L82 was specific to DNA Ligase I, L67 was specific to DNA Ligase III, while L189 was effective against all three mammalian ligases. [49] Besides, PBD derivatives that can act against Ligase I were identified recently. [49] More recently, SCR17 and SCR21 were described, which have the ability to block predominantly Ligase I-mediated joining. [39] SCR7 and its different forms were identified based on in silico studies and biochemical assays, which inhibited NHEJ in a Ligase IV-dependent manner. [13, 19] Besides their ability to provide insights into the catalytic mechanisms and cellular process, DNA ligase inhibitors can also be explored for their efficacy to kill cancer cells by blocking endogenous DSB repair. SCR7 is one of the best examples for this. [13, 19] DSBs generated following SCR7 treatment could lead to activation of apoptotic pathways and thus cell death. Previously, we observed that administration of SCR7 inhibited tumor cell progression in breast adenocarcinoma, ovarian and fibrosarcoma mice models, while the effect was minimal in case of DLA model. [13] E-SCR7, a pluronic compound, was observed to be 5-fold more potent in causing cytotoxicity. [14, 15] In a recent study, we reported that oxidation of SCR7 could result into a more stable, SCR7-P. Previous studies revealed that parental SCR7, which is least stable, can get spontaneously cyclized into SCR7 and later oxidized to SCR7-P. It was noted that depending on synthesis, storage conditions, etc., SCR7 could exist in multiple cyclized forms.
Interestingly, we observed that similar to SCR7, treatment with SCR-P also resulted in inhibition of NHEJ in a Ligase IV-dependent manner. [19] Both SCR7 and SCR7-P inhibited coding and signal joint formation during V(D) J recombination. Although both SCR7 and SCR7-P treatment resulted in the accumulation of DNA breaks within the cells, only SCR7 revealed Ligase IV-dependent cytotoxicity, suggesting that SCR7-P may have additional targets within the cells.
Water-soluble form of SCR7-pyrazine exhibits improved efficacy of tumor regression Bioavailability due to drug delivery difficulties and toxicity are the two major issues generally faced by most of the chemical inhibitors. In the present study, we show that sodium salt of SCR7-P is water soluble and can inhibit NHEJ in a Ligase IV-dependent manner. Na-SCR7-P treatment resulted in the reduction of MMP and activation of apoptosis resulting in cytotoxicity at different levels in tested cancer cell lines. Administration of Na-SCR7-P resulted in significant tumor regression in both mouse models studied. [13] Importantly, tumor regression occurred without causing significant side effects. For tumor regression, the formation of new blood vessels needs to be inhibited. Exposure of Na-SCR7-P to CAM showed inhibition of new blood vessel formation in a concentration-dependent manner indicating its antiangiogenic potential. All these results suggest that water-soluble version of SCR7-P is potent and can be used for further investigation.
Although Na-SCR7-P showed inhibition of Ligase IV-mediated joining, it also inhibited both Ligase I and Ligase III mediated in vitro nicked DNA joining. This is indeed a disadvantage for Na-SCR7-P when considered as a biochemical inhibitor of NHEJ due to limited specificity. However, our in vivo tumor animal studies suggest that this may make the molecule more effective in terms of its use in chemotherapy, as the same inhibitor may act against three different targets (DNA Ligase I, III, and IV) in cancer cells. Since DNA ligases in humans have distinct, but overlapping cellular functions in DNA replication of nuclear and mitochondrial genomes, DNA repair and recombination, the use of small molecule inhibitors targeting DNA repair pathways, recombination and DNA replication in cancer cells is considered as a promising new strategy against cancer cell proliferation. [5, 50] In this context, Na-SCR7-P needs to be investigated further to assess its ability to target multiple physiological processes within the cancer cells.
